Introduction

SECM as a tool for multi-purpose characterisation of materials
The first papers related to the scanning electrochemical microscopy (SECM) were published in the nineties of the 20 th century [1, 2] . This technique is based on the scanning of the studied surface by ultramicroelectrode (UME) and electrochemical analysis of surface [1] . Such technique gives us an electrochemical picture of the surface. SECM employs an UME probe (tip) to induce chemical changes and collect electrochemical information while approaching or scanning the surface of interest (substrate). The substrate may also be biased and serves as the second working electrode. Many different types of UMEs have been fabricated, e.g., microband electrodes, cylindrical electrodes, microrings, disk-shaped, and hemispherical electrodes [3] . The disk geometry of the UME is the most preferred design from many reasons discussed below. UME is the most important part of the electrochemical microscope, which determines the results of scanning. Electrodes in micro or nano dimensions offer important advantages for electroanalytical applications including greatly diminished ohmic potential drop in solution and double-layer charging current, the ability to reach a steady state in seconds or milliseconds, and a small size allowing make experiments in microscopic dimensions [4] . SECM requires minimal sample preparation than other spectroscopy techniques (e.g. fluorescence or electron microscopy). Another advantage is that the evaluation of image outputs can be numerically modelled, allowing to obtain information and analysis the reaction kinetics. Therefore, it is possible to study effectively both material characteristic and biological properties [4] . Due to the non-destructive measurement method, experiments can be successfully repeated several times. The SECM surface scanning is connected with one major risk of damage to the scanning electrodes or the studied surface due to distance between the tip and surface interference. This distance should be optimized and the probe or a tip should be held at a constant height above the surface during measurement. Analysed surface can act as a second working electrode and therefore four electrodes configuration is used in SECM [5] .
Application of SECM is very wide and allows studying various structures and processes in micro and submicrometer-sized systems [5] [6] [7] . The target of detection could be electron, ion, and molecule transfers, and other reactions at solid-liquid, liquid-liquid, and liquid-air interfaces. In recent years the study of nanoparticles and its application rapidly has been increasing [8] . The SECM study of nanoparticles increases rapidly too because the surface modification by this nanoparticles brings many positives and allows to open the whole new research area [8] . The wide range of SECM applications allows to investigate a wide variety of processes, corrosion of metals, characterization of materials, membrane and enzymatic reactions, photosynthesis, DNA hybridization and metabolism in single living cells [4] . This direction has had the great influence for the increase of published papers related to the SECM technique since the year 1995 (approximately) [2] . The bio-applications of SECM are one of the most developed areas in the recent years and the usage of nanoparticles in this area is very widespread [4, 8, 9 ].
Measuring modes and principles of SECM
Although the theory of SECM measurements has been described in many books and reviews, we still consider beneficial to present here the short overview of this. At first, Figure 1 shows a schematic diagram of the basic SECM instrument. An UME tip is attached to a 3D piezo positioner controlled by a computer, which is also used for data acquisition. A bi-potentiostat controls the potentials of the tip and/or the substrate versus the reference electrode and measured tip and substrate currents are in pA and sub-pA orders. 10 pA is the lowest detectable current, the maximum is at 250 mA. Measured current resolution is 0.0015% of current range (minimum 0.3 fA). These informations are related to the model ChInstrument 920D which is shown on Figure 2 . Usually detected currents are in pico or nano amper order. The most SECM measurements take place in feedback (FB) or generation/collection (GC) modes [4, 10, 11] .
The feedback mode usually uses the ultramicroelectrode (UME), which serves as a working electrode in a three or four-electrode system. The four electrode system is completed with a sample (substrate) that serves as a second working electrode. The electrodes are immersed in a solution containing redox mediator. Specifically, one redox form of a quasi-reversible redox couple. In the following discussion it is assumed that the reduced form R is added, although the same explanations hold for the addition of the oxidized form O of the mediator if the reaction directions are reversed. Scheme of SECM instrumentation. The basic parts are as follows: a piezo positioner and a controller of the UME, a bi-potentiostat and PC (with measuring software). The UME scans the substrate surface due to moving the UME by the piezo positioner. The system can work in a three-or four-electrode setup (with connected second working electrode). In the simplest case, the UME is inserted only in mediator solution, a potential is applied to the tip, and diffusion-controlled conversion of the mediator occurs according to equation as it follows:
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and thus a steady-state faradaic current i T∞ could be detected. This situation is necessary to understand as the limiting case where the distance d of the tip from the substrate electrode is infinite (Fig 3A) . If the UME is in proximity with substrate electrode and this is an insulator, the surface hinders the diffusion of R towards the UME (Fig 3B) and the faradaic current i T decreases. Such situation is named as a negative feedback. The opposite situation is the positive feedback, which differs by conducting substrate where heterogeneous reaction takes place. This reaction regenerates the R by electrochemical conversion and thus the new reagent source becomes available (Fig 3C) . From this reason i T increases, especially with respect to the dependence i T (d) [2, 5, 12] . Generation/collection mode differs from feedback mode in one important thing, the presence of the mediator is solution. This mode works in a solution that does not initially contain any substance that can be converted at the UME at a potential E T . In the generation/collection (G/C) mode, both tip and substrate can be used as working electrodes. One working electrode generates some species, which are collected at the other electrode. The G/C mode is more sensitive because the background signal is very weak [2, 12] .
If an oxidizable or reducible substance is formed on the surface of substrate, this compound can be detected at the UME if it is located close to the active region ( Fig 4A) . From such description it is obvious the name of the mode, sample-generation/tip-collection (SG/TC) mode. When the tip is moved through the thick diffusion layer produced by the substrate, the changes in i T reflect local variations of concentrations of redox species. The collection efficiency in SG/TC mode is much lower than that in the TG/SC mode, and the true steady state can be achieved only by using a micrometer-sized substrate. Other disadvantages of this mode are the high sensitivity to noise and the difficulty in controlling the tip/substrate separation distance [2, 12] . The application of the contrary processes leads to the creation of the tip-generation/samplecollection (TG/SC) ( Fig 4B) . In the TG/SC mode experiments, the tip generates an electro-active species that diffuses across the tip/substrate gap to react on the surface of substrate. A TG/SC experiment includes simultaneous measurements of both tip and substrate currents (i T and i S ). For a one-step heterogeneous electron transfer (ET) reaction at steady state, these quantities are almost identical if d is not very large. Under these conditions, the tip-generated species R predominantly diffuse to the large substrate, rather than escape from the tip-substrate gap. For a process with a coupled homogeneous chemical reaction, there may be large differences between i S and i T . If the reaction is slow, the process is diffusion-controlled, and i s /i T → 1 at short separation distances. For the other hand if homogeneous reaction is very fast, most species R get converted to the electro-inactive product before reaching the substrate and hence, the very low substrate current is detected, i s /i T → 0. Between these two extremes, the homogeneous kinetics can be determined by measuring the collection efficiency as a function of d.
As it is obvious in analytical chemistry, connection of various analytical methods to the one sample detection is very popular. Combination of methods allows the new view on the samples. SECM does not stand out of this direction. Studying of surface structures and dynamics is possible due to combination of SECM with other analytical methods. A number of analytical techniques have been combined with SECM [2, 7, 9, [11] [12] [13] [14] [15] [16] [17] including near-field scanning optical microscopy (NSOM), surface plasmon resonance (SPR), electrochemical quartz crystal microbalance (EQCM), fluorescence spectroscopy (FS), electrogenerated chemiluminescence (ECL), electrochemical scanning tunnelling microscopy (ESTM) and atomic force microscopy (AFM) [2] . Among above mentioned methods there are two last which would be useful to describe more. Scanning tunnelling microscopy (STM) is based on the concept of quantum tunnelling. When a conducting tip is brought very near to the surface to be examined, a bias (voltage difference) applied between the two can allow electrons to tunnel through the vacuum between them. The resulting tunnelling current is a function of tip position, applied voltage, and the local density of states of the sample [18, 19] . The extension of STM with electrochemical detection leads to the electrochemical scanning tunnelling microscopy (ESTM) as a powerful new technique for detailed structural and topographical characterization of electrode/electrolyte interfaces. Knowledge of surface structures could be crucial to the understanding of electrochemical processes that are taking place at the electrode surface [18, 19] .
Opposite this, the most widely used hybrid method is AFM-SECM. The atomic force microscope maps the topography of a substrate with nanometer vertical resolution by monitoring the interaction force between the sample and a sharp tip, which is attached to the end of a cantilever. AFM methodology is often used to provide a feedback mechanism for height control in scanning near-field optical microscopy. For samples that show variations in both reactivity and topography, it is difficult to resolve these two components with conventional SECM fixed height measurements. The strength of the AFM-SECM combination is in its positioning capabilities and simultaneous possibility of electrochemical detection [20] . Using the AFM mode, one can position a submicrometer-sized tip near the substrate surface and keep a constant tip-substrate distance during the surface raster. Maintaining a constant distance between the tip and the substrate is essential for avoiding tip crashes and the damage to sample during the imaging of a substrate with non-uniform surface reactivity and/or complex topography.
Modification of gold electrode
Self-Assembled Monolayer (SAM)
Self-assembled monolayers (SAMs) are highly ordered molecular assemblies formed by the adsorption of an active surfactant on a solid surface. Understanding and controlling long-range electron transfer across such molecular assemblies are important for the development of technological systems such as molecular electronics and sensors. The most common SAMs are n-alkanethiols adsorbed on gold by Au-S linkage. The manipulation of individual alkanethiolate by SECM [15] is mainly based on regeneration of a gold surface either by electrochemically initiated removal of the chemisorbed thiolate from the gold surface (Eq. 2) or by oxidative decomposition (Eq. 3).
--
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features presented in literature are as it follows: n-alkanethiol; α,ω-alkanedithiol; ω-mercaptoalkanol; ω-mercaptoalkane carboxylic acid; ω-mercaptoalkane amino acid [22] . Application of other types of thiols such as aromatic compounds is possible too [22] . Because the metalsulphur bond is stable between thiols and metal surface, the way for the modification of metal surfaces with organic monolayers could be easily modified with any particular molecule that is firstly thiol-derived and then attached to the metal surface [23] .
The formation of a SAM is often depicted in schemes as uniformly aligned molecules on a flat surface. However, it has been recognized that a wide variety of defects are possible such as pinholes, collapsed sites, islands, and domains [24] . Typically, the first assumption is that the metallic surface, upon which the SAM is formed, is uniformly flat. Scanning techniques show a variety of features such as terraces, steps, and crystalline boundaries. The choice of electrode metal is an important factor in determining the SAM integrity. A second assumption is that the organic molecules of the SAM align uniformly. The tilt angle of alkane thiols can cause significant variation in the monolayer packing [25] .
SECM has almost been used for studying the structure of alkane thiols, because SECM signals respond very sensitively to defects in the monolayer. A defect-free monolayer passivates the gold electrode so strongly that it behaves like an insulator in SECM. No passivation occurs at defects, and results as high currents. Application of nanometer-sized electrodes showed that direct electron transfer through the layer, rather than electron transfer at the defects, was dominant and the size of the defects was 1-100 nm [26] .
Model for electron transfer at self-assembled monolayers measured by scanning electrochemical microscopy has been suggested by Liu and Bard, et al. [27] . The developed models were used to measure independently the electron transfer rates mediated by monolayer-attached redox moieties and a direct electron transfer through the film as well as the rate of a bimolecular electron transfer reaction between the attached and dissolved redox species.
When the monolayer absorbed on the substrate contains an electroactive group, the regeneration of the mediator occurs via a bimolecular reaction with these surface-bound redox centres with a rate constant k BI . The rate of the tunnelling ET is governed by the relative contributions from the forward and backward reactions, k f and k b , which are both dependent on the value of substrate potential E s . If bimolecular ET reaction is irreversible and the electron tunnelling through the monolayer is quasi-reversible, the effective rate constant obtained from fitting an experimental approach curve to theory is k eff . After some approximations and limited conditions presented in [17] the one important result is formed as follows: the concentration and potential will not affect k eff and the overall rate of ET is limited by the bimolecular ET rate constant, k BI .
Forming of SAMs on the surface of substrate electrode is one of the most applied procedures in SECM techniques. The great advance of this lies in the immobilisation of target molecules and possibility of creating the surface electrochemical image. Application of SAMs systems in SECM measurements have many utilizations as the study of electron transfer through the creating monolayer [27] [28] [29] [30] [31] [32] , investigation of various functionalizations of the SAMs parts [33, Monitoring of the Surface Modification of Nanoparticles by Electrochemical Measurements Using Scanning Electrochemical Microscope http://dx.doi.org/10.5772/57203 34], monitoring the adsorption/desorption processes [35, 36] and interactions between monolayer and target molecules [37] .
Paramagnetic particles
Paramagnetic particles are usually used as an isolation tool in biological applications [38] . Its specificity is related with the paramagnetic properties of the metal core, which reacts on external magnetic field and the other specificity is caused by the surface modification. Connection of SECM detection with nanoparticles, in general, leads to the generation of the one basic problem. What is the measured signal? It is the signal of individual particles, or the average signal of the layer? The most application leads to the second variant. However, some authors focused on the detection of single particle [8] . Quinn et al. [39] reported one of the first uses of SECM to investigate the properties of metal NPs. They followed the compression of a monolayer of monodisperse thiol-capped AgNPs as the investigating of NP-film conductivity changes with particle interdistance. Tel-Vered and Bard [40] used SECM for the first time to synthesize and to characterize a single particle on a conductive carbon support. Using this approach, they avoided the problems arising from multi-NP synthesis (e.g., narrow size distribution, surface agglomeration, occurrence of lattice defects, and poisoning of the metal by impurities).
Usage of paramagnetic particles in SECM techniques is focused on the improvement of the binding of bio-compound(s) (enzymes, antibodies, etc.) onto the electrode surface [8] . Direct connection of bio-compounds with electrode surface is very often disrupted by many phenomena as follows: loss of biochemical activity, nonspecific binding, blocking of the electrode surface, and regeneration of the sensing surface [41] . Application of paramagnetic particles onto the electrode surface with subsequent SECM detection has been presented by some authors as it follows. [41, 42] present miniaturized sandwich enzyme immunoassay for the model analyte mouse-IgG. After capturing mouse IgG by the primary anti-IgG antibody (Ab) coupled with magnetic particles, a second anti-IgG Ab conjugated to an enzyme-label (alkaline phosphatase -ALP) is bound to the analyte. ALP catalyses the hydrolysis of 4-aminophenyl phosphate (PAAP). Platinum microelectrode scans surface over the beads domains and detect product of hydrolysis, 4-aminophenol, by oxidation. The scheme is presented in Fig. 5 .
Wijayawardhana, C. A. and Wittstock, G. et al.
The other Wittstock's cooperation, this time with Zhao C. [43, 44] , was focused on the system based on the activity of glucose dehydrogenase (GDH). This enzyme was chosen because of its high activity and independence of dissolved oxygen in the sample catalysing the transfer of electrons from glucose to an electron mediator. Biotinylated glucose dehydrogenase was bound to streptavidin-coated paramagnetic beads, which were located on a hydrophobic surface. The catalytic activity of immobilized GDH was mapped in SECM feedback mode and generation-collection mode using ferrocenemethanol, ferrocenecarboxylic acid, p-aminophenol, and ferricyanide as electron mediators, respectively [44] . 
Quantum dots
Other kinds of NPs widely used as labels for determination of proteins and DNA are semiconductor nanocrystals, quantum dots (QDs). Efficient methods for the preparation of quantum dots and their functionalization with biomaterials have been recently developed [45] . These nanoparticles are applied for labelling of biomaterials in biorecognition processes (e.g., DNA sensing) [46] . In generally, the QDs are employed as an electro sensitive label and detected by various voltammetry techniques, almost by differential pulse voltammetry [8] . Connection of QDs with SECM method is very outstanding. However, several works are presented in this area of research as follows. Morphological analysis of PbSe was shown by Zimin, S., et al. [47] . They investigated the morphology of the surface of PbSe/CaF2/Si(111) epitaxial structures after anodic electrochemical etching. Two possible morphological types of PbSe nanostructured surficial porous layers were distinguished. Agglomerated nanoislands with 80-400 nm lateral sizes and 70 nm average separating gaps were observed for the anodized films with initial flat terraced surface. Liu, G. J. group [48] presents the investigation of semiconductor photocatalyst -quaternary-alloyed ZnxCd1-xSySe1-y, by SECM. The photoelectrochemical properties were evaluated by scanning electrochemical microscopy in the photoelectrochemical mode using an optical fibre tip attached to a Xe lamp as an excitation It is obvious from the above mentioned application that connection of QDs with SECM is very unusual and disparity in application point of view. This research area forms the big unexplored and perspective potential for the further investigation.
Gold nanoparticles
Creation of the small specific modified area on the gold surface is possible due to modification of the gold nanoparticles instead of the modification of the whole surface of the substrate electrode. This way can offer specific modification in the small dimensions. The other important reason for the application of nanoparticles lies in the fact that, whilst the bulk material is incredibly inert, nanostructured gold can exhibit exceptional catalytic activity [49] .
Application of gold nanoparticles is obviously affected by many conditions. The most important are the size and the shape of the particles. The size effect has been clearly presented by Wain, A. J. [50] . In this work the influence of particle size on the electrocatalytic behaviour of commercially available spherical gold nanoparticles (AuNPs) is demonstrated. The experiment focused on the oxygen reduction reaction (ORR) and the electrooxidation of hydrogen peroxide using redox competition and tip collection modes. For both reactions studied the electrocatalytic activity, normalized to surface area, was observed the increase with decreasing particle diameter in the range 5-50 nm. It is necessary to connect this result with the role of mass transport on the observed particle size effects. A 50 nm AuNP has a surface area 100 times greater than a 5 nm AuNP. Therefore, for a fixed surface area, a spot consisting of 50 nm AuNP has a factor of 100 fewer particles than a spot consisting of 5 nm AuNPs. However, under conditions of convergent diffusion, the mass transport limited flux to a 50 nm particle is ten times greater than to a 5 nm particle. Taking these two factors into account, the total flux to a spot of 5 nm particles is expected to be ten times greater than to a spot of 50 nm particles which, under mass transport limited conditions, could lead to an enhancement in the apparent electrocatalytic activity.
Influence of the shape of the gold particles was investigated by Sanchez-Sanchez, C. M. et al. [51] . The authors used three types of nanoparticles: semi-spherical particles with a particle size of 3.1±0.46 nm, cubic shaped (≈ 85%) particles in dimension 43.8±1.1 nm and short nanorods with an average width of 10.9±1.2 nm and length of 42.9±5.3 nm. The influence of the nanoparticle shape was investigated through the electrocatalytic activity for the ORR. The results demonstrate that cubic gold NPs are the most active towards ORR in 0.1M NaOH, followed by the spherical gold NPs and, finally, by the short gold nanorods.
The same authors investigated the influence of platinum nanoparticles on the ORR [52] . They employed TG/SC mode to study ORR on shape-controlled Pt nanoparticles. The catalytic activities of four types of Pt nanoparticles, spherical, cubic, hexagonal, and tetrahedral/ octahedral, were compared. Hexagonal particles exhibited the highest activity towards ORR in acid electrolytes.
As it is presented above, the influence of the size and shape was investigated through the electrocatalytic measurements -the aqueous phase oxygen reduction reaction (ORR). The ORR on gold can take place via a 2-electron pathway yielding hydrogen peroxide or a 4-electron route generating water. The reaction mechanism and kinetics are known to be structure sensitive. On Au(1 0 0) single crystal surfaces the 4-electron mechanism dominates, on Au(1 1 1) and Au(1 1 0) the 2-electron mechanism is more significant. The activity of these facets is known to decrease in the order Au(1 0 0) > Au(1 1 0) > Au (1 1 1) [53, 54] . Therefore by changing the relative proportions of these low index planes present on the surface of AuNPs one can essentially tune their ORR electrocatalytic activity [50, 55] . This is in agreement with abovementioned experiment comparing various types of nanoparticle shape. It has been concluded that the highest activity is for the cubic structure where the faces of the cube is oriented along the (1 0 0) direction, in all cases, which is in agreement with the theoretical symmetry expected for a cube.
The very good example of the SECM study of gold nanoparticles (and theirs modification) was presented by Huang et al. [56] . They show the combination of AFM and SECM methods for the detection of individual ∼20 nm sized gold nanoparticles. The scheme is shown in Fig. 6 . The physical and electrochemical properties of functionalized particles by redox-label PEG chains were studied. The redox PEGylated nanoparticles were assembled onto a gold electrode surface, forming a random nanoarray, and interrogated in situ by a combined AFM-SECM nanoelectrode probe. In so-called mediatortethered (Mt) mode, AFM-SECM affords the nanometer resolution required for resolving the position of individual nanoparticles and measuring their size, while simultaneously electrochemically directly contacting the redox-PEG chains they bear. 
Monitoring of the
The nanoparticle acts both as a scaffold and as a nano-electrode, mediating electron transfer between the underlying gold substrate and the redox labels of the PEG. The AFM-SECM probe is brought in "molecular" contact with the macromolecular PEG layer covering the nanoparticle. The tip and substrate are biased so that the redox label is alternatively oxidized at the tip and re-reduced at the substrate. The tip was biased at a potential of E tip = +0.3 V/SCE, while a potential of E sub = -0.1 V/SCE was applied to the substrate in 0.1 M citrate buffer. This redox cycling generates a specific tip electrochemical current whose intensity depends on the (timeaveraged) tip-substrate distance, the Brownian dynamics of the PEG, and the local surface concentration in PEG [56] . The use of tapping mode allows the tip-substrate distance to be fixed so that the tip current specifically probes the presence of the labelled molecule and its surface concentration (coverage) on the nanoparticle. The dual measurement of the size and current response of single nanoparticles uniquely allows the statistical distribution in grafting density of PEG on the nanoparticles that was determined and correlated to the nanoparticle diameter.
Electrochemical imaging
Characterizing of molecules and their interactions
Scanning electrochemical microscopy is the useful tool for the investigation of the electrobehaviour of micro and nano objects. The wide range of applications is possible; for the simplicity, it is divided into several fields of research as follows: characterization of entities, measurement of charge and mass transport, biochemical processes, reaction kinetics, energy measurement, and degradation processes [2, 4, 12] . Each presented direction of the research can be further divided into the subunits. The first mentioned area, characterization of entities, could be divided in point of view of the material background, size of detected objects, physicochemical properties, reactivity etc. Interaction phenomenon is closely connected with characterization of entities, on which participates almost at least one biocompound (oligonucleotide, protein, enzyme, antibodies, lipids or the whole cell).
DNA
The first SECM images of DNA were reported by Guckerberger et al. in 1994. Since this point much progress has been made and the advance to the development of the fabrication techniques of DNA microarrays has been achieved. The detection of various base pairs is critical for the study, diagnosis and treatment of genetic diseases [6] .
The simplest form of nucleic acid detection was described by Wang et al. who exploited the intrinsic electrochemical properties of the guanine residue in the DNA duplex [57] . Surfaceimmobilized DNA molecules were detected by the generation/collection mode of SECM through the oxidation of guanine residues by tip generated Ru complex. The second approach to imaging DNA and the hybridisation event is to use electrochemically active labels. Wang et al. [58] reported application of the silver nanoparticles in combination with SECM to image a DNA microarray. Silver nanoparticles were deposited at sites where hybridisation had occurred. The result was an area over which positive feedback could occur as a consequence of mediator recycling (site of silver deposition).
The development of reagentless procedures, by which DNA hybridisation could be detected, was presented by Turcu et al. [59, 60] . They detected the hybridisation process through coulomb interactions between the negatively charged sugar phosphate back bone of the immobilised oligonucleotide and the [Fe(CN) 6 ] 3− as a free diffusing redox mediator.
Hybridisation process of DNA was investigated by Roberts et al. too [6] . They studied adsorption of genomic DNA and subsequent interactions between adsorbed and solvated DNA. They prepared microarray of polyethylenimine (PEI) film deposited on a screen-printed carbon substrate using the SECM. There was single stranded DNA electrostatically adsorbed on the surface of the polyethylenimine. The further adsorption of complementary single stranded DNA on the surface was observed [6] .
Proteins
The SECM protein detection was widely investigated especially by Girault group [61] [62] [63] [64] . They used a detection system based on the tagging adsorbed proteins with silver nanoparticles (Fig.  7) . A positive feedback was obtained when a platinum tip approached the silver-tagged proteins in a 1mM [Os(bpy) 3 (0.631 V vs SCE) is positive enough so that its oxidized form is able to accept an electron from Ag atoms attached to the protein on the substrate (Ag + /Ag standard potential is 0.558 V vs SCE). Furthermore, this potential is not too close to the positive limit of the potential window in water.
Another Giraults work [64] presents the protein detection based on the tagging of free cysteines and other nucleophiles in proteins and peptides by benzoquinone. The tagged proteins are detected by the mediated reduction of benzoquinone with a redox species (K 3 [Fe(CN) 6 ] or K 3 [IrCl 6 ]) produced electrochemically at the SECM tip. In addition, the SECM investigation of adsorption and binding of protein to the polymer surface was done by Glidle et al. [65] . This phenomenon was studied according to the application of proteins to the biosensor platform.
Enzymes
The recent SECM studies of immobilized enzymes focus on two areas: measuring the catalytic enzyme activity and micropatterning the surface with enzymes [2] . Two SECM-based approaches, generation/collection and feedback mode, are applied to the redox enzymes detection. The GC mode is more sensitive and can be employed when enzyme kinetics are too slow for feedback measurements. Opposite this, the feedback mode is more suitable for enzymes with high activity [12] .
Both directions of the enzyme research by SECM are covered by the work of Wittstocks group [43, [66] [67] [68] [69] [70] . The first case is represented by the experiment in which the direct mode of SECM was used for the local deposition of oligonucleotide patterns on thin gold films and the GC
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Electrochemical Microscope http://dx.doi.org/10.5772/57203 mode was applied for the determination of the amount of surface-accessible oligonucleotides [66] . This process was monitored through the specific system created by biotin-labelled complementary strand connected with streptavidin and biotin-labelled β-galactosidase. The activity of the linked β-galactosidase was mapped with SECM in the GC mode by monitoring the oxidation of p-aminophenol (PAP) created in the enzyme-catalysed hydrolysis of paminophenyl-β-d-galactopyranoside. Micropattering of the surface with enzymes is presented in another Wittstocks work [67] where the monitoring of patterned enzyme layers containing glucose oxidase and horseradish peroxidase was described. These layers were created by a combination of microcontact printing (MCP) and local electrochemical desorption followed by chemisorption of functionalized thiols or disulphides. The reactions of two enzymes, horseradish peroxidase (HRP) and glucose oxidase (GOx), were studied.
In the last year one interesting work related to enzyme systems was published [71] . This work is focused on the study of multi enzyme systems by SECM. There is presented study of the kinetics of a two-enzyme coupled reaction, specifically acetylcholine esterase and choline oxidase. This type of experiment push the boundaries further because of approach to the real systems. The biological metabolism process is obviously given via a group of enzymes working together in sequential pathways. The exploration of the metabolism mechanism requires the understanding of the multi-enzyme coupled catalysis systems. 
Antibodies
The most of SECM interaction experiments is limited through the fact that one of reaction compound is bound with (onto) the surface (glass, gold electrode, carbon electrode) [72] . The specificity of the antibodies binding allows performing label-free experiments. This trend is obvious in the last three years, where some works related to this phenomenon have appeared. Le et al. [73] presents label-free immunosensor based on a biotinylated single-chain variable fragment antibody immobilized on co-polypyrrole film. Immunosensor device formed by immobilization of a biotinylated single-chain antibody on an electropolymerized copolymer film of polypyrrole using biotin/streptavidin system was demonstrated for the first time. The response of the biosensor toward antigen detection was monitored by electrochemical analysis of the polypyrrole response by DPV, not by SECM. The SECM system monitoring the interrogation of antibody-antigen interactions was presented by Holmes et al. [74, 75] . Screenprinted carbon electrodes were used as a substrate for the deposition of a dotted array, where the dots consisted of biotinylated polyethyleneimine. These were then further derived, first with neutravidin and then with a biotinylated antibody to the protein neuron specific enolase (NSE). In the next experiments biotinylated antibody towards a relevant antigen of interest (PSA, NTx, ciprofloxacin) were used. These antigens were chosen for their clinical relevance but also since, they display a broad range of molecular weights to determine the influence of the size of the antigen. SECM using a ferrocene carboxylic acid mediator showed clear differences between the array and the surrounding unmodified carbon. Binding of the antigen was accompanied by a measured increase in current response, which may be explained in terms of protein electrostatic interactions and hydrophobic interactions to the mediator. Control experiments with other proteins showed only a non-specific binding across the whole of the substrate, thereby confirming that specific binding occurs between the antibody and antigen on the surface of the dots.
Lipids
The application of lipids by SECM is focused on the characterization of lipid mono and bilayers, especially on the charge transfer through lipid membranes [9, 17, 76] . The research in this area could be divided in three main streams.
The first case is about applying of SECM technique for investigation of membrane transport, mainly through the pores [77, 78] . Wilburn et al. [79] presents the utilisation of SECM for the creation of voltage-gated biological ion channels. These were simulated by insertion of the peptaibol antibiotic alamethicin into reconstituted phosphatidylcholine bilayer lipid membranes (BLMs). SECM was utilized to probe initial BLM resistivity, the insertion of alamethicin pores, and mass transport across the membrane.
Membrane transport of redox species through the membrane, this time without pores or channels, is the second direction. Zhan and Bard [80] present experiment based on the immobilisation of liposome structure (15-50 µm in diameter) filled with the Ru(2,2′-bipyridine) 3 2+ as a redox mediator on the glass substrates (Fig. 8) . Conical carbon fibre tips of submicrometer size were used to approach, image, and puncture. This way the leakage of redox mediator through the lipid membrane was probed. The last direction of research is focused to the charge/
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Cells
The issue of cell studying by SECM is so wide and varied that the short overview is not possible. There are various imaging ways of an individual cell based not only on its surface topography, but also on cellular activities such as photosynthesis, respiration, electron transfer, single vesicular exocytosis, and membrane transport. Therefore the two best reviews in this field are cited [9, 86] .
Various current levels -Images of modification
Modification of surfaces is the introduction of well-defined, directly local changes in the chemical or physical properties of such surfaces. This includes etching processes, deposition of materials, and chemical modification of the surface material. As a scanning probe technique, SECM is predestined to generate chemical changes locally. Instead of detection, the SECM can serve as the preparation tool for microstructures creation. In general, two main ways of application are reported, the direct mode and the feedback mode [2] . The usage of direct mode is based on the fact that the tip is held in a close proximity to the substrate, and the voltage is applied between them to cause the desired reaction at the substrate. In the feedback mode surface patterning, a redox mediator is present in the solution. The tip-generated redox species must be able to induce the desired reaction (i.e., deposition or etching) at the substrate and be regenerated on its surface. The benefit of the feedback mode deposition is that the substrate needs not be a conductor [2] . This phenomenon was described very well in a review of Sun et al. [2] , where the authors presented works up to year 2007, let us focus the next text on the applications presented just since the year 2007 till now.
The surface modifications are still focused on the enzyme applications. Li et al. prepared nanometer-sized carbon fibre disk electrode and applied them to micropattern active horseradish peroxidase (HRP) coupled with a carbon fibre disk electrode as the SECM tip. Active HRP substrates were fabricated on the substrates coated with streptavidin by binding biotinylated HRP. In one work [87] for the deactivation of other regions on the HRP micropatterns the authors used the reactive species generated on the electrode as the tip of SECM held at 1.7 V through oxidation of Br Another application of HRP in patterning experiments has been described by Roberts et al. [88] . In this case the immobilisation in a patterned fashion onto glass slides is presented. Microarray of HRP islands was deposited on amino-modified glass slides using glutaraldehyde crosslinking combined with the SECM and this was used as a micro-deposition device [88] .
Application of nitrogen compounds were shown as a good tool for the patterning technique by SECM. Cougnon et al. [89] showed production of diazonium salts from nitro compounds. The nitro precursor is reduced at the tip to the amine, which is diazotized in the interelectrode space. The tip acts as a source of diazonium salts, allowing sample derivatization just under the tip. Extension of this work has been published in another Cougnons work [90] where the authors present the second mechanism of microstructuring. This time the process starts with the reduction of a nitro-containing compound at the scanning electrochemical microscope tip. After diffusion in the interelectrode gap, the amine is oxidized on a gold surface, thus resulting in a local derivatization. Janin et al. [91] describes another way of pattering based on the
electrochemical grafting of nitrophenyl groups onto platinum ultramicroelectrode (UME). The grafting was made using the electrochemical reduction of nitrophenyldiazonium and the possibility to reduction the diazonium onto Pt UME was observed. Extension of the abovementioned procedure by creating of a p-nitrothiophenol SAM was described by Schwamborn et al. [92] . The reduction of the terminating nitro groups of a p-nitrothiophenol SAM under formation of hydroxylamine or amino groups is invoked using the direct mode of SECM. The local modification of the redox states was visualized by using the feedback mode of SECM. The current at the Pt tip electrode is determined by the electron-transfer rate for re-oxidation of the redox mediator on the sample surface. Selective post-functionalization with an avidinalkaline phosphatase conjugate allows visualization of the microstructure using the generatorcollector mode of SECM too. Simplification of the surface modification by grafting procedure on the gold substrate by 4-azidobenzenediazonium with SECM was presented by Coates et al. [93] . The electrografted spots of diazonium were in this case performed by positioning a SECM platinum tip at a given distance above the gold substrate and the SECM was used in a three-electrode configuration (the Pt tip serving as a microanode). As the mediator acetonitrile containing 5 mM 4-azidobenzenediazonium and 0.1 M Bu 4 NBF 4 was used.
Usage of various nanoparticles or nano structured materials expands through the wide range of applications and techniques. SECM is no exception. Preparation of some nanoparticles was described in literature in recent few years. Preparation of gold nanoparticles is described by many authors [94] , and possibility of SECM application for preparation of gold nanostructures exists. Process of local electrodeposition of gold nanoobjects, namely gold nanorods, is described in work of Fedorov and Mandler [95] . In this process a gold microelectrode was the source of the gold ions whereby double pulse chronoamperometry was employed to generate initially Au seeds, which were further grown under controlled conditions. The silver nanoparticles were prepared either at liquid interface [96] or on the SAM monolayer [97] . The creation at the liquid interface is based on the electron transfer reaction between aqueous Ag + ions generated by anodic dissolution of an Ag disk UME, and bis(pentamethylcyclopentadienyl) iron (decamethylferrocene, DMFc) in a 1,2-dichloroethane (DCE) phase [96] . The second way, usage of SAM monolayer, is based on the local deposition of Ag nanoparticles (NPs) on ω-mercaptoalkanoic acid SAMs. SECM was used for generating a controlled flux of silver ions by anodic dissolution of silver microelectrode close to the SAMs modified Au(1 1 1) surface [97] .
Quantification of electrochemical images
SECM is a powerful tool for studying structures and processes in micro and submicro metersized systems. It can probe electron, ion, and molecule transfers as well as other reactions at solid-liquid, liquid-liquid, and liquid-air interfaces. With the same setup, several SECM modes of operation can be realized, see section 1.2. The most widespread is the feedback mode, tip generation/substrate collection (TG/SC) mode and the substrate generation/tip collection (SG/ TC) mode.
The quantitative SECM theory has been developed for various heterogeneous and homogeneous processes and different tip and substrate geometries. In general, theoretical SECM dependencies can be generated by numerically solving partial differential equations. In some cases, analytical approximations allow for easier generation of theoretical dependencies and analysis of experimental data. The most quantitative studies were carried out under steadystate conditions, because the non-steady-state SECM response depends on too many parameters that allow any possible presentation set of working data. The steady-state theory is simpler and often can be expressed in the form of dimensionless working curves or analytical approximations.
For the understanding of mathematical description of the SECM experiments, it is necessary to present some general characteristic and notations. The first assumption, which is generally accounted, is the fact that experiments are made with a redox mediator in a solution where only its diffusion is important (migration and convection are neglected). Its bulk concentration is written as c and D is used for its diffusion coefficient (same value assumed for red or ox form in most of the cases). The tip electrode is generally a disk shaped microelectrode where is characterised the radius of the conductive core, a; and the total tip radius, r g . The dimensionless parameter RG is defined as follows: RG = r g /a and is normally ≤ 10. The tip placed at a distance d from the substrate, the dimensionless parameter L is defined as d/a). The potential of the tip is almost always set to a value where the redox reaction of the mediator is rapid and reversible: only mass transport defines the current value. The absolute value of the current going through the tip electrode (respectively through the substrate) is usually written as i T (respectively i S ). Normalized current is commonly used in SECM experimental reports, defined by the comparison with the tip current when the tip is very far from the studied substrate: i T /i T∞ . Finally the positive feedback situation is referred with the "con" subscript (tip above a conductive substrate) and the negative one with "ins" subscript (tip above an insulating substrate).
The simplest situation in SEMC measurements is the steady state feedback mode, when the tip is immersed in a solution containing a redox mediator (an oxidizable species R) [2] . By applying the positive potential to the tip, the oxidation of R occurs
at a rate governed by diffusion of R to the UME surface. If the tip is far (greater than several tip diameters) from the substrate the steady-state current, i T∞ is given as follows
where F is the Faraday constant, n is the number of electrons transferred in reaction, D and c are the diffusion coefficient and the bulk concentration of R and a is the tip radius.
When the tip is brought to within a few tip radii of a conductive substrate surface, the O species formed in the reaction (Eq. 4) diffuses to the substrate where it can be reduced back to R This process produces an additional flux of R to the tip and hence ''positive feedback'', the increase in tip current (i T > i T∞ ). With shorter the tip-substrate separation distance (d), the tip current is larger. When reaction (Eq. 6) is rapid, than i T → ∞ as d → 0.
If the substrate is an inert electrical insulator, the tip generated species, O, cannot react at its surface. At small d, i T < i T∞ , because the insulator blocks the diffusion of species R to the tip surface (''negative feedback''). The closer the tip to the insulator substrate, the smaller the i T ,
The specification that has to be underlined in the context of SECM is that this exact analytical expression is valid only for an infinite RG value: Application of microelectrode with finite RG value led to the modification of equation 1 as follows:
Various approximate expressions of β(RG) can be found in the literature and the better expressions are as follows: 
Homogeneous reaction in solution
The first theoretical study of SECM feedback for homogeneous reactions in solution published in 1994 [98] showed that there is a linear relationship between the current measured through the tip, i T , and the current going through the substrate, i S . This relationship can be rewritten as follows: (10) i T ins and i T con being the negative and positive feedback currents that would been obtained in the same geometric configuration (same L). It is necessary to kept in mind that this equation describes the reaction in an electrolyte. As soon as no homogeneous reaction occurs on the substrate or tip (with connection vice versa), the relationship between the tip and substrate steady-state current is very easy [99] : (11) Modern Electrochemical Methods in Nano, Surface and Corrosion Science
Heterogeneous reaction
Study of heterogeneous reaction, exactly heterogeneous electron transfer, is widely used application in SECM determinations. The kinetics of heterogeneous electron transfer can be determined with high lateral resolution while scanning a tip parallel to the surface. Distancedependent measurements provide quantitative information on sample properties.
One step heterogeneous electron transfer reaction is the simplest case of these types of reactions. An analytical approximation which is often used is valid for RG = 10 and normalized distances 0.1 ≤ L ≤ 1.5. The current-distance curves for an irreversible heterogeneous reaction occurring at the substrate while the tip process is diffusion-controlled can be calculated from
I S = 0.78377
where I T ins and I T con are normalized current related to the insulating substrate, and diffusioncontrolled regeneration of redox mediator, respectively. The analytical approximations for these two values are [3] :
In this place it is important to highlight that the value of I T ins depends on the RG value too [100] .
For the various RG value were calculated the parameters of this equation and these are able to read in [2] .
Back to the Eq. 12 where it is necessary to define the remaining variables. I s is the kinetically controlled substrate current. Λ is defined as Notwithstanding above presented equations (Eq. 12 and 13) were derived for one step heterogeneous electron transfer reactions, it has been proofed that are applicable to more complicated substrate kinetics (e.g., liquid-liquid interfacial charge transfer, ET through selfassembled monolayers and mediated ET in living cells [2] ).
On the other hand, study of the heterogeneous electron transfer reactions at SECM is possible to view from the opposite. For the finite heterogeneous kinetics at the tip and diffusioncontrolled mediator regeneration at the substrate, an approximate was recently obtained for I T as a function of tip potential E, and L [101] : for the same L the diffusion-controlled positive feedback at a conductive substrate, as defined by Eq. 14.
GC mode
The above-presented approximation models are related to the feedback mode of SECM determinations. The application of GC mode is connected with some difficulties in the quantitative interpretation of the measured results [17] :
• if the active region of the sample is to large, no steady-state situation is established. The local concentration depends not only on the position of the UME but also on the time that has passed since the onset of the reaction.
• the moving of probe disturbs the macroscopic diffusion layer of the sample through convection. This effect hinders the diffusion of reagents to the sample region underneath the UME.
• an enhancement of the current according to the principle of positive feedback can reach significant values if d < 3a.
Minimization of the quantitative issues is possible due to working with as small as possible UMEs (small RG). In these cases, the disturbance of the sample diffusion layer is minimized and feedback effects can also be neglected at small values of d. The lateral resolution is always poorer in GC mode than in the corresponding feedback experiments [17] . However, the GC mode offers a much higher sensitivity than feedback mode because the flux of reagents coming from the sample is measured essentially without a background signal [102] . This makes the GC mode appropriate for the investigation of immobilized enzymes and cells.
Numerical models
The analytical approximations presented above are best fits to numerical simulations of the diffusion problems for relatively simple and well defined electrochemical systems, e.g., an inlaid disk electrode approaching a flat, infinite, and uniformly reactive substrate surface. In most quantitative SECM experiments, the use of such approximations could be justified.
However, no analytical approximations are available for more complicated processes and system geometries, and so one has to resort to computer simulations.
The above mentioned models suggested the disk shaped tips. In real experiments, it is difficult to assume the ideal disk shaped tip. Production of tips, which may be similar to ideal model, is very difficult, especially when they have to be nanometer-sized. Characterization of the nondisk shaped tips (sphere cups, spheres, rings, ring disks and etched electrodes), experimental approach curves were obtained and then compared to simulated ones [3] .
The solution of the diffusion phenomenon has been developed mostly as two-dimensional axisymmetric diffusions. Even for an idealized situation (i.e. a flat, planar substrate, strictly perpendicular to the axis of the well-shaped disk tip) only numerical solutions can be obtained.
The most important step is the validation of calculated data relate to the real measurements. Similar questions arise when the topography of substrate is complicated and/or its surface reactivity is highly non-uniform.
The most popular method for mathematical calculations of diffusion effect by SECM has been presented for the first time by Fulian et al. [13, 14] . They introduced the boundary element method (BEM), which is more suitable for problems with regions of complex or rapidly changing geometries. They used BEM to simulate the current responses for different SECM situations, such as a non-disk tip approaching a flat substrate; a flat disk tip over a hemispherical or a spherical cap-shaped substrate or a tilted substrate; a lateral scan of a flat disk tip over an insulating/conductive boundary. The next improvement and extension of this method, mostly related to the specific experiment simulation, has been published by many authors [103] [104] [105] .
Conclusions
The SECM is the widely used technique in material and process investigation. Especially effects connected with electron transfer are studied. Micro and nano sized tips used in these experiments allow to measure nano and sub-nano currents levels and this way allow to describe the very small particles / surfaces. Significant progress has been made over the last five years in both quantitative (e.g. kinetic experiments) and qualitative (e.g. topographic imaging) applications of SECM to studies of structures and processes on the nanoscale. Combination of nanoparticles and SECM shifts the possible usage of this technique to the new horizon. This chapter summarizes the basic knowledge in the field of SECM in relation to study of nanoscale systems, specifically nanoparticles. 
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